Seedlings of maize (Zea mays L. cv WF9 x Mo 17) were grown in vermiculite at various water potentials. The primary root continued slow rates of elongation at water potentials which completely inhibited shoot growth. To gain an increased understanding of the root growth response, we examined the spatial distribution of growth at various water potentials. Time lapse photography of the growth of marked roots revealed that inhibition of root elongation at low water potentials was not explained by a proportional decrease in growth along the length of the growing zone. Instead, longitudinal growth was insensitive to water potentials as low as -1.6 megapascal close to the root apex, but was inhibited increasingly in more basal locations such that the length of the growing zone decreased progressively as the water potential decreased. Cessation of longitudinal growth occurred in tissue of approximately the same age regardless of spatial location or water status, however. Roots growing at low water potentials were also thinner, and analysis revealed that radial growth rates were decreased throughout the elongation zone, resulting in greatly decreased rates of volume expansion.
deficits can be attributed to increased rates of solute deposition, or to reduced growth and hence slower rate of osmoticum dilution by volume expansion. In this paper, attention is focused on the effects of low qf,y on the spatial distribution of expansive growth rate. Although the spatial growth pattern at high q,, for roots of maize and other species has been well characterized for many years (8, 11) , the extent to which the pattern may change at low q is not known. Indeed, despite early recognition that knowledge of how plant growth patterns may be altered by environmental variation facilitates the opportunities to understand the regulation of the growth response (11) , relatively little information of this kind is available. Here, we show that both longitudinal and radial growth patterns are altered markedly in roots growing at low qi,. In a forthcoming paper (RE Sharp, TC Hsiao, WK Silk, unpublished data), we combine this information with profiles of qi5 and component solutes to determine effects of low q on solute deposition rates in the root growing zone, and evaluate the relationship of the growth and solute deposition responses to osmotic adjustment.
Plant growth is generally decreased when soil water is limited. Root growth is often less inhibited than shoot growth (2, 21) , however. A recent study of maize has shown that root growth is intrinsically less sensitive than growth of the aerial plant parts to low water potentials (q') of the growing region (30) , indicating some form of internal regulation. Root elongation is of obvious advantage to plants in drying soil, and may be particularly important for seedling establishment because of the vulnerability of surface soil layers to drying. Therefore, the mechanisms regulating the expansive growth of roots at low +,, are important processes to understand.
Previous studies have shown that, as water deficits develop, there is a substantial capacity for osmotic adjustment in the growing zone of roots (12, 21, 30) . This process helps to maintain turgor as q decreases in the growing cells, and is therefore considered to be an important factor in the maintenance of root elongation in drying soil. In a recent report, Silk et al. (25) applied principles of growth kinematics (22) For the determination of dry weights, whole roots and shoots were excised at the seed junction and oven-dried to constant weight.
Numerical Methods. Methods for spatial growth analysis were as described by Silk et al. (23) and Silk and Abou Haidar (24) . Longitudinal strain rates, dv,l8z (h-1), were calculated using Erickson's five-point differentiating formula (7) applied to values of velocity interpolated to equally spaced positions, 0.5 mm apart, using cubic splines. Radial and tangential components of the strain rate were calculated as (2/R)(v_)(OR/dz), where R is root radius (mm). Radii were measured directly from the photographic prints. Addition of the strain rate components gave the total strain rate, or local relative elemental rate of volume increase (calculated as mm3 mm-3 h-1). Multiplication by root volume per unit length (mm3.mm-1) gave the local rate of root volume increase (mm3.mm -h-1). Volumes were calculated for root segments of 0.5 mm length assuming each segment to be a section of a circular cone. Growth trajectories (plot of element position versus time) were estimated by numerical integration, as described by Silk et al. (23) .
Vermiculite f,. At the end of the experiments, the vermiculite in each box was thoroughly remixed and sampled for duplicate measurements of qi,, by isopiestic thermocouple psychrometry (3). Limited tests showed that the decrease in vermiculite u/, from the time of transplanting to the end of the experiments was less than 0.1 MPa at the lowest water contents used, and negligible at high water contents.
RESULTS
Response of Root and Shoot Growth to Vermiculite 4k, Root elongation rates at vermiculite /i, between -0.03 and -2.0 MPa are shown in Figure 1 . Preliminary experiments established that over this range of pw, elongation rates were constant after approximately 10 to 15 h from the time of transplanting. Examples of the time course of root length increase at various /i, are shown in the inset. Root elongation rates shown in Figure 1 were evaluated after 15 h from transplanting. Thus, the response of elongation rate to i can be considered steady (time invariant), at least for the 1 to 2 d duration of the experiments described below.
Elongation rates at high fr, were around 3.1 mmh-h, but proved to be quite sensitive to small decreases in 4if, such that only 2 However, the sensitivity of the response decreased at lower 11! and elongation rates of over 1 mm h-I continued at qi, below -1.5 MPa. In contrast, shoot development was completely inhibited in this range. Figure 2 illustrates the extent of shoot development during the time taken for the primary root to reach a length of approximately 10 cm at high i, and at three levels of reduced water availability. The different treatments are indicated by the vermiculite water contents expressed as percentages of the high 4fr, (100%) treatment (see Table I ). Mean vermiculite q,w obtained for these treatments are also shown. Shoot elongation was inhibited by approximately one-half in the 16% treatment and almost totally in the 4% treatment, corresponding to vermiculite /i, of approximately -0.2 and -0.8 MPa, respectively. The virtual absence of shoot development in the 4% treatment is confirmed by the very low shoot dry weights and comparatively high root dry weights measured 40 h after trans- (Table I) . Seedlings were transplanted to the different treatments 30 h after planting, when the roots were approximately 5 mm long. The duration of growth after transplanting ranged from 40 h (100% treatment) to 100 h (2% treatment).
planting (Table I) . Root dry weight gain was also substantial in the 2% treatment, at a q of around -1.6 MPa. Consequently, the root to shoot dry weight ratio increased considerably in these treatments (Table I) , as has frequently been observed during plant water deficits (21, 30) .
The four treatments represented in Figure 2 were used throughout the remainder of the study.
Spatial Distribution of the Root Growth Response. Spatial growth analysis revealed that the length of the root elongation zone decreased progressively as qi, decreased (Figs. 3, 4 , and 5A). the apical 10 mm at high 41,, in the low qf,,. treatment no separation occurred between marks originally located basal to 6 mm. To estimate accurately the spatial distribution of displacement velocity, the total period of time lapse photography was limited to 1 h so that the marks were displaced minimally during the observation period (9) . The velocity distributions so obtained (Fig.  4) confirm that marks accelerated to a constant velocity (approximately 3.0 mm-h ') at around 10 mm from the apex at high 41k4, as shown previously (25), whereas with water deficits the location at which constant velocity occurred shifted progressively toward the apex. The maximum displacement velocity attained at the base of the elongation zone equals the rate at which the root apex grows down from the soil surface, i.e. the root elongation rate. In all treatments, elongation rates after marking were greater than 90% of the rates before marking (Fig. 4, inset) .
Displacement from the root apex is caused by stretching of more apically located cells, and thus the derivative of displacement velocity with respect to position gives the longitudinal strain rate (relative elemental elongation rate [8] ) profile (Fig. SA) .
This analysis confirms that the low i,,. treatments resulted in a shorter elongation zone. At high 41k, longitudinal strain occurred throughout the apical 10 mm and exhibited a maximum (approximately 0.48h -') between 4 and 5 mm from the apex, in agreement with previous reports (8, 25) . At low 41,., the strain rate fell to zero (i.e. the cells stopped stretching) at a progressively more apical location, so that in the 2% treatment little elongation occurred beyond 6 mm from the apex. The maximum strain rate also fell and shifted apically as the 41,,. decreased. Interestingly, however, the longitudinal strain rate in the apical 2 mm appeared to be unchanged regardless of 4 (Figs. 3 and 6 ). The radius throughout the length of the apical 10 mm was smaller the lower the vermiculite ,1. (Fig. 6) . We also observed that in all treatments roots grew thinner as they grew longer. Therefore, for comparisons between treatments, both the longitudinal growth analyses described above and the radial dimensions in Figure 6 were evaluated for all treatments with roots of equal length, approximately 5 cm, rather than of the same age.
Evaluation of the spatial distribution of radial plus tangential strain rate revealed that the strain rate in these dimensions was maximal between 6 and 8 mm in roots growing at high 4,,, but was slightly negative in this region in roots of the 2% treatment (Fig. SB) . The numerical methods can introduce noise (22) , so caution should be used in interpreting peaks and troughs in the distributions of these small strain rates. Nevertheless, it is quite clear that in contrast to the insensitivity of longitudinal strain rate to low 1,, in the apical few mm (Fig. SA) , radial plus tangential strain was inhibited throughout the elongation zone (Fig.  SB) . Because of the comparatively large longitudinal strain rate in the apical few mm, the inhibition of the radial plus tangential components had only a small effect on the total strain rate (relative elemental rate of volume increase) in this region (data not shown). Nevertheless, because of the substantial decrease in root radius, and hence volume per unit length, that resulted from these effects in the low qi,, treatments, the absolute rate of root volume increase was reduced substantially (by approximately one-half in the 2% treatment) in the apical 2 mm, and by an increasingly greater amount beyond this region (Fig. 7) .
Temporal Aspects. If the rate and spatial distribution of elongation growth are steady, a quantitative description of the spatialtemporal relationship of longitudinal strain can be obtained by plotting the growth trajectory (mark position versus time), which can then be combined with the spatial distribution to infer the temporal pattern of longitudinal strain rate of a specific tissue element as it is displaced away from the root apex. Growth trajectories for elements identified initially at 2 mm from the apex in the 100% and 2% treatments are shown in the inset to Figure 8 . Because the longitudinal strain rate was similar in all treatments at locations apical to 2 mm (Fig. 5A) , tissue elements would have required similar times to be displaced through this region regardless of 4if,. Interestingly, analysis revealed that the duration of longitudinal strain as elements were displaced beyond 2 mm (i.e. the time required for longitudinal strain to fall to zero) was also similar (approximately 8 h) in all treatments (Fig.  8) , despite the progressively smaller distances over which growth occurred as the 4i, decreased (Fig. SA) . Thus, cessation of longitudinal strain occurred in tissue of approximately the same age regardless of spatial location or water status. The temporal pattern was altered at low q',, however. At high f, the strain rate increased steadily for the 5 h required for elements to move from 2 to 4 mm from the apex, and fell abruptly during the rapid displacement through the basal part of the growth zone. As the decreased, the strain rate began to decline after shorter periods, but the rate of decline was more gradual. DISCUSSION Expansive growth is generally considered to be one of the most sensitive of plant processes to the development of water deficits (4). However, almost all previous studies have monitored the growth rate of whole organs without regard to spatial variation. Our results show that although the elongation rate of maize primary roots is quite sensitive to decreases in ui, of the growth medium, the magnitude of the effect on longitudinal expansion varies with position such that close to the apex there is no inhibition, whereas complete inhibition occurs at more basal locations. Thus, in this case, the composite picture of the sensitivity of expansive growth to low / i , obtained from the root elongation rate is misleading. We know of only three studies to which these results can be compared. Early observations of Burstrom (5) are in accord with our findings. In hydroponically grown wheat seedlings, treatment with 0.2 M mannitol had no effect on the rate of increase in root cell length close to the apex, but caused an earlier cessation of cell expansion, thereby resulting in decreased final cell lengths. Our preliminary measurements of maize primary roots also indicate that final cell lengths decrease as the q,, decreases, and suggest that the inhibition of root elongation is attributable largely to the inhibition of cell elongation. The anatomy of the root growth response will be reported in detail in a subsequent paper. Michelena and Boyer (18) present data indicating that the length of the growing zone may be decreased at low qi,, in maize leaves, but their results are suggestive rather than definitive on this issue because of the long observation times (14 h ) that were used to identify the growing zone (9) . In contrast to our results, however, Meyer and Boyer (16, 17) reported that the length of the zone of elongation of soybean hypocotyls was similar to controls 24 h after seedlings were transferred to vermiculite of reduced water availability which decreased the hypocotyl elongation rate by approximately 60%. Further, the profile of cortical cell lengths along the elongation zone was unchanged, indicating that the proportionality factor for longitudinal strain rate decrease was the same at all locations, and that overall elongation growth was Figure 5A and plotted against time.
inhibited due to inhibition of cell division and cell elongation to a similar degree. It was also noted that the low qi, treatment had no effect on the diameter of the hypocotyl elongation zone, again contrasting with the maize primary root response. Clearly, rigorous comparisons of the effects of low /i, on the spatial distribution of expansive growth in roots and shoots are needed.
Interestingly, elongation rates of maize nodal roots (30) and also of primary roots of cotton and peanut (26) It is interesting to note that at certain concentrations the effect of applied indoleacetic acid on the distribution of root elongation is similar to the pattern we observed at low 4i,.. (10, 13) . To our knowledge, the effects of the other major plant hormones have not been studied in this regard, although similar effects were obtained with applications of coumarin and scopoletin by Avers and Goodwin (1) . Unfortunately, despite substantial evidence that roots contain and, in some cases, can synthesize the major plant hormones (27) , there is a paucity of information on hormone levels in the roots of water stressed plants, although there are now several reports of increases in ABA levels in both whole root systems (6, 29) and root apices (20) . ABA has generally been found to inhibit root growth, although at low concentrations growth promotion has also been observed (19) . Therefore, it has been suggested that ABA may regulate root growth at low q (20) . Clearly, what is needed are studies of the distribution and effects of ABA and other hormones in roots growing at low 4f,,, on the spatial scale of the distribution of growth, as well as similar investigations of other growth related variables.
In the extensive literature on plant responses to water stress, we could find no previous reports that root diameter is decreased when growth has occurred at reduced qi,,, (although it has been reported that cotton roots become thinner when growing at moderate salinities in the presence of supplemental Ca2+ [15] ). Indeed, there are reports that roots which develop in dry soil are thicker (28) . It should be noted that we chose vermiculite deliberately as the growth medium because it exhibits very little increase in mechanical strength with drying, in contrast to many soils. Mechanical impedance to root penetration commonly causes roots to become thicker as their elongation rate is reduced (31) , and thus may confound direct effects of low /i, on radial development that might otherwise occur.
The maintenance of longitudinal growth rates close to the root apex, the shortening of the growth zone, and the decrease in root diameter throughout the elongation zone represent a complex pattern of developmental changes under water deficits. The complexity of the growth response was rather surprising, but appears to confer the necessary adaptive traits to explore efficiently soil water at minimum cost. Further, the dramatic effects of low qi, on the rate of root volume increase shown in Figure   7 have important implications for the regulation of solute concentrations and osmotic potential in the root growing zone. Further discussion of this aspect will be found in a forthcoming paper (RE Sharp, TC Hsiao, WK Silk, unpublished data) on the spatial patterns of osmotic adjustment and solute deposition rates of the same root populations.
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